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Abstract
Introduction: ‘Motion dazzle’ refers to the hypothesis that high contrast patterns such as stripes and zigzags may
have evolved in a wide range of animals as they make it difficult to judge the trajectory of an animal in motion.
Despite recent research into this idea, it is still unclear to what extent stripes interfere with motion judgement and
if effects are seen, what visual processes might underlie them. We use human participants performing a touch
screen task in which they attempt to ‘catch’ moving targets in order to determine whether stripe orientation affects
capture success, as previous research has suggested that different stripe orientations may be processed differently
by the visual system. We also ask whether increasing the number of targets presented in a trial can affect capture
success, as previous research has suggested that motion dazzle effects may be larger in groups.
Results: When single targets were presented sequentially within each trial, we find that perpendicular and oblique
striped targets are captured at a similar rate to uniform grey targets, but parallel striped targets are significantly
easier to capture. However, when multiple targets are present simultaneously during a trial we find that striped
targets are captured in fewer attempts and more quickly than grey targets.
Conclusions: Our results suggest that there may be differences in capture success based on target pattern
orientation, perhaps suggesting that different visual mechanisms are involved in processing of parallel stripes
compared to perpendicular/oblique stripes. However, these results do not seem to generalise to trials with multiple
targets, and contrary to previous predictions, striped targets appear to be easier to capture when multiple targets
are present compared to being presented individually. These results suggest that the different orientations of
stripes seen on animals in nature (such as in fish and snakes) may serve different purposes, and that it is unclear
whether motion dazzle effects may have greater benefits for animals living in groups.
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Introduction
Movement is of key importance in the animal kingdom
for many reasons, such as for finding food and mates, and
a number of recent studies have considered how motion
may have helped to shape animal patterning [1–6]. In par-
ticular, it has been suggested that high contrast markings
such as those seen on many snakes and fish may act to
confuse the speed or direction perception of a predator,
reducing the chance of attack or capture and thus increas-
ing an animal’s chance of survival. This is known as the
‘motion dazzle’ hypothesis, in reference to similar pattern-
ing that was used on ships in World War I [7, 8].
Research into this area has so far provided mixed sup-
port for this hypothesis. Several observational and phylo-
genetic studies in snakes have suggested that striped
banding patterns may create visual illusions when snakes
are in motion [6, 9–12] and modelling work has sug-
gested that striped patterns in zebra could interfere with
motion detection mechanisms [6]. Some studies have
found evidence for stripes or other high contrast patterns
providing varied degrees of protection in artificial ‘prey’
capture experiments using human participants, being
harder to catch than a range of other pattern types includ-
ing background matched camouflage targets [1–3]. How-
ever, other target types (notably a uniform grey target
matching the average background brightness) also appeared
to be difficult to catch in these paradigms, casting doubt on
a unique benefit of striped patterning. Distortion of speed
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perception has also been reported for high contrast patterns
in human viewers [4]. However, not all research has sup-
ported the motion dazzle hypothesis, with some re-
searchers finding less convincing evidence for the benefits
of striped targets [5]. In addition, recent phylogenetic
studies with zebra have suggested that other factors may
have driven the evolution of stripes, including the pres-
ence of tsetse flies [13] or thermoregulation [14]. There is
therefore still much debate regarding whether motion daz-
zle could be an explanation for some of the high contrast
patterning seen in nature, and if so, exactly what types of
pattern cause this effect.
One unresolved issue in the field relates to the effect of
stripe orientation. Some research has suggested that tar-
gets with stripes parallel to the direction of motion are
more easily captured than targets with stripes perpendicu-
lar to the direction of motion [5], but other researchers
have found no difference in speed perception [4] or cap-
ture success [1] between parallel and perpendicular striped
targets. From a neurobiological perspective, many neurons
that are selective to the direction of motion are also orien-
tation selective, responding only to bars or gratings if they
have both their preferred orientation and movement direc-
tion (which are usually orthogonal to each other) [15–17].
These results suggest that stripe orientation may have an
important effect on the perception of motion.
Psychological research in humans has considered
whether there are differences in motion perception be-
tween targets (e.g. lines) oriented either in the same dir-
ection as the direction of motion versus targets oriented
in the opposite direction. However, findings have been
mixed and often contradictory; for example, some re-
searchers have found that targets are perceived as mov-
ing faster when their orientation is orthogonal to the
direction of motion [18, 19], while others have found
that they are perceived as faster when their orientation
is parallel to the direction of motion [20, 21]. Similarly,
discrimination of motion direction has sometimes been
found to be best for orthogonal orientations [22, 23] and
sometimes best for parallel orientations [24, 25]. Other
research has suggested that oblique orientations are per-
ceptually more difficult to process than vertical or hori-
zontal contours [26]. It has been suggested that different
types of target orientation might be processed by differ-
ent mechanisms [27]. Targets oriented parallel to the
motion direction have been suggested to be processed
by a motion streak mechanism [28], where it is proposed
that the slow temporal integration of the motion system
may lead to a moving object leaving a ‘smeared’ spatial
signal in the direction of motion. This signal can be de-
tected by static orientation detectors and used to help
determine the true direction of motion. Meanwhile, tar-
gets oriented orthogonal to the motion direction are
suggested to be processed using summation of receptive
fields of local motion detectors that extract the motion
component orthogonal to their orientation [27]. These
separate mechanisms might therefore lead to different
effects on speed or direction perception for different tar-
get orientations.
In the first experiment presented in this paper, we use a
capture task paradigm (similar to that used in [3]) where
human subjects attempt to catch moving targets sequen-
tially on a touch screen computer to systematically investi-
gate the effect of stripe orientation on capture success. In
order to try to resolve the controversies in the motion daz-
zle literature, we compare targets with stripe patterns both
parallel and perpendicular to the direction of motion. In
addition, we also test the effect of stripes oriented at ob-
lique angles to the direction of motion, as human psycho-
physics research suggests that the motion of these targets
may be particularly difficult to detect accurately. Our re-
sults support the notion that parallel striped targets are eas-
ier to capture than perpendicular striped targets, as found
in previous studies [5], but do not find support for the hy-
pothesis that oblique stripes are the most difficult to cap-
ture compared to other patterns.
In the second experiment, we used the same target types
but changed the task that subjects performed; instead of
attempting to capture targets one at a time (as has been the
case with previous studies e.g. [1–3]), multiple targets ap-
peared on the screen at once and the participant’s task was
to attempt to capture all of the targets as quickly as pos-
sible. Group movement has long been of interest to biolo-
gists. The ‘confusion effect’ suggests that one benefit of
group living for animals may be that increasing number or
density of prey reduces the ability of a predator to be able
to pick out and attack a single member of a group [29].
Several studies in humans and other animals have shown
possible benefits of increased group size and/or density in
reducing predation [30–33]. It has also been suggested that
prey movement patterns may modulate the strength of
these confusion effects [30, 32]. However, it has not previ-
ously been investigated whether target pattern may affect
the strength of confusion. This is particularly relevant as
previous modelling work has suggested that since striped
patterns are proposed to create misleading motion signals,
motion dazzle effects might be stronger with multiple
striped targets present [6], and this could make it particu-
larly difficult to pick out one individual in a group of ani-
mals all moving at slightly different speeds and directions.
In addition, many striped animals (such as zebra and fish)
are commonly found living and moving in groups. We
therefore hypothesised that the increase in target number
might differentially affect the striped targets compared to
the non-striped (grey) targets, perhaps making capture
more difficult for the striped targets but having no effect on
the grey targets. However, the results of this experiment
showed both no significant differences between grey and
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striped targets, but also no differential effects of stripe




All main effects in the simplified hits model (log likeli-
hood = −4708.37, AIC = 9438.74) were significant (tar-
get type: χ2 = 24.534, d.f. = 5, p <0.001, position group:
χ2 = 62.025, d.f. = 1, p <0.001, trial number χ2 = 39.484,
d.f. = 1, p < 0.001). We then compared individual target
types to the baseline luminance matched grey target
(see Table 1 and Fig. 1 for full results). The lighter grey
target was not significantly different in capture rate from
the luminance matched target (Z = −0.421, p = 0.674). This
suggests that the background luminance matched grey tar-
get can be used as a control for the striped targets, even
though it has a slightly higher average luminance. The
white target was significantly easier to capture than the lu-
minance matched grey target (Z = 3.534, p < 0.001). How-
ever, the parallel striped target was also significantly
easier to capture than the luminance matched grey tar-
get (Z = 2.824, p = 0.005). This is in contrast to the other
striped targets, which were both non-significantly different
from the grey baseline target (Z = 1.690, p = 0.091 for the
perpendicular striped target and Z = 0.794, p = 0.427 for the
oblique target). Targets were easier to catch if attempts
were made ahead of the midline of the target (Z = 7.876,
p < 0.001) and later on in the experiment (Z = 6.284,
p < 0.001). Interactions of target type with position group
and trial number were non-significant and were dropped
during model simplification.
Time to make capture attempt measure
All the main effects in the simplified time model (log
likelihood = 7556.904, AIC = − 15087.81) were signifi-
cant (target type: χ2 = 288.09, d.f. = 5, p <0.001, pos-
ition group: χ2 = 131.99, d.f. = 1, p <0.001, trial number
χ2 = 186.71, d.f. = 1, p < 0.001). When compared to the
baseline luminance matched grey target, only the other
grey target was non-significantly different (t = −0.002,
p = 0.999; see Table 2 and Fig. 2 for full results). All
other targets were attempted significantly more quickly
(t = −13.772, p < 0.001 for the white target, t = −9.351,
p < 0.001 for the parallel stripe target, t = −6.465, p < 0.001
for the perpendicular stripe target and t = −5.212, p < 0.001
for the oblique target). Participants were significantly
quicker to make capture attempts ahead of the centre of
the target (t = −11.489, p < 0.001) but became slower as the
experiment went on (t = 13.664, p < 0.001). As before, in-
teractions of target type with position group and trial num-
ber were non-significant and thus were dropped during
model simplification.
Experiment 2
Total number of attempts to capture measure
Figure 3 shows the distribution of number of attempts to
capture for the different target types. In modelling the data,
both fixed factors included in the final simplified model
(log likelihood = −867.929, AIC = 1757.858) were significant
predictors in the model (target type: χ2 = 56.118, d.f. = 5,
p <0.001 and trial number χ2 = 24.144, d.f. = 1, p < 0.001).
Table 3 shows the full statistical results, with each target
type compared against the baseline luminance matched
grey target. This shows that there was no significant
difference in the number of capture attempts between the
two grey targets (t = 0.002, p = 0.999) but that all other
targets had significantly fewer capture attempts (t = −4.136,
p < 0.001 for the white target, t = −5.671, p < 0.001 for the
parallel stripe target, t = −2.195, p = 0.028 for the perpen-
dicular stripe target and t = −4.226, p < 0.001 for the oblique
target). Participants also improved across the experiment,
making fewer capture attempts as trial number increased
(t = −4.914, p < 0.001), and this improvement was con-
sistent across target types (there was no significant inter-
action between target type and trial number). These results
contrast with those obtained in Experiment 1 for the hits
measure, where only the parallel and white targets were sig-
nificantly easier than the grey baseline to catch.
Total time to capture measure
We also considered the time taken to capture targets
(see Fig. 4). All factors remaining in the final model
(log likelihood = −12303.47, AIC = 24636.95) were sig-
nificant (target type: χ2 = 203.663, d.f. = 5, p <0.001,
trial number χ2 = 17.831, d.f. = 1, p < 0.001, and target
number χ2 = 18.081, d.f. = 1, p < 0.001). Table 4 shows
Table 1 Full statistical results for the hit rate measure in
Experiment 1. These results were obtained using a generalised
linear mixed model after model simplification to produce a best fit
model. The first five rows detail the planned post-hoc comparisons
of the target type, while the final two rows show the effects of the
other factors included in the model
Factor Estimate Std. error Z value p value
Luminance match grey vs.
lighter grey
−0.03600 0.08556 −0.421 0.674
Luminance match grey vs.
white
0.30490 0.08627 3.534 <0.001
Luminance match grey vs.
parallel stripe
0.24293 0.08603 2.824 0.005
Luminance match grey vs.
perpendicular stripe
0.14501 0.08580 1.690 0.091
Luminance match grey vs.
oblique
0.06801 0.08565 0.794 0.427
Position group 0.54250 0.06888 7.876 <0.001
Trial number 0.16992 0.02704 6.284 <0.001
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the full model comparisons; it shows that for this
measure, the results were very similar to the case
where only one target was present, with there being no
significant difference in total time to capture all targets
between the baseline luminance matched grey and the
lighter grey (t = 0.171, p = 0.864), but all other targets
being significantly faster to capture (t = −9.870, p < 0.001
for the white target, t = −9.504, p < 0.001 for the par-
allel stripe target, t = −6.065, p < 0.001 for the per-
pendicular stripe target and t = −7.500, p < 0.001 for
Fig. 1 Number of hits for each target type in Experiment 1. Each box contains one value per participant, which is the total number of hits for
that target type out of a maximum of 20. Trial types from left to right are average background luminance matching grey, lighter grey, white,
parallel stripe, perpendicular stripe and oblique stripe. Whiskers encompass 1.5 x the interquartile range, and points beyond this are plotted as
outliers (black circles). Means are represented by white diamonds
Table 2 Full statistical results for the time measure in Experiment 1. These results were obtained using a linear mixed model after
model simplification to produce a best fit model. The first five rows detail the planned comparisons of the target type, while the
final two rows show the effects of the other factors included in the model
Factor Estimate Std. error t value p value
Luminance match grey vs. lighter grey 0.000005920 0.003341 −0.002 0.999
Luminance match grey vs. white −0.04609 0.003347 −13.772 <0.001
Luminance match grey vs. parallel stripe −0.03124 0.03340 −9.351 <0.001
Luminance match grey vs. perpendicular stripe −0.02162 0.03344 −6.465 <0.001
Luminance match grey vs. oblique −0.01740 0.03338 −5.212 <0.001
Position group −0.02987 0.002600 −11.489 <0.001
Trial number 0.01526 0.001117 13.664 <0.001
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the oblique target). Participants increased in speed
across trials as the experiment progressed (t = −4.223,
p = 0.001) and also within a trial (t = −4.252, p = 0.013;
see Fig. 5). There was no significant interaction be-
tween target type and trial number, indicating that
there was no differential learning effect across the
whole experiment within individual trials. Similarly,
there was no significant interaction between target
type and target number, suggesting that patterning
type did not differentially modulate the difficulty of
the task depending upon how many targets were on
screen.
Discussion
In this study, we used two different approaches to at-
tempt to determine whether stripe orientation has an
impact on capture success. In Experiment 1, we found
that parallel striped targets were significantly easier to
capture than the grey baseline target, but that this was
not the case for the other types of striped target tested
in this experiment (perpendicular stripes and oblique
stripes). This confirms the results of previous research
suggesting that striped and grey targets are similarly dif-
ficult to capture in this type of task [1, 3], and also sup-
ports work suggesting that parallel striped targets are
easier to capture than perpendicular striped targets [5].
We also confirm previous results suggesting that uni-
form white targets are easier to catch than grey targets
[1, 3]. Finally, these results lend some support to the
prediction that oblique targets are relatively difficult to
capture, although it might have be expected from previ-
ous work that they would be harder than both the paral-
lel and perpendicular targets [26]. Experiment 2 asked
whether increasing the number of targets presented on
the screen affected the difficulty of the different pattern
types; we showed that as before, the striped targets were
Fig. 2 Time taken to touch the screen for each target type in Experiment 1. Each box contains 20 trials per participant. Trial types from left to
right are average background luminance matching grey, lighter grey, white, parallel stripe, perpendicular stripe and oblique stripe. Whiskers
encompass 1.5 x the interquartile range, and points beyond this are plotted as outliers (black circles). Means are represented by white diamonds
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attempted more quickly than the grey baseline, but also
that fewer capture attempts were required to catch all
the striped targets compared to the baseline grey targets.
Experiment 2 therefore failed to replicate the differential
capture success seen with the parallel striped target in
Experiment 1, and additionally suggests that increasing
the number of targets that an observer is viewing does
not increase motion dazzle effects.
The finding that the parallel striped target was rela-
tively easy to capture in Experiment 1 supports previous
Fig. 3 Number of attempts taken to catch all targets for each target type in Experiment 2. Each box contains six trials per participant. Trial types
from left to right are average background luminance matching grey, lighter grey, white, parallel stripe, perpendicular stripe and oblique stripe.
Whiskers encompass 1.5 x the interquartile range, and points beyond this are plotted as outliers (black circles). Means are represented by
white diamonds
Table 3 Full statistical results for the total number of attempts to capture measure in Experiment 2. These results were obtained
using a linear mixed model after model simplification to produce a best fit model. The first five rows detail the planned
comparisons of the target type, while the final row show the effects of the other factors included in the model
Factor Estimate Std. error t value p value
Luminance match grey vs. lighter grey 0.00004098 0.02514 0.002 0.999
Luminance match grey vs. white −0.1040 0.02514 −4.136 <0.001
Luminance match grey vs. parallel stripe −0.1426 0.02514 −5.671 <0.001
Luminance match grey vs. perpendicular stripe −0.05518 0.02514 −2.195 0.028
Luminance match grey vs. oblique −0.1063 0.02515 −4.226 <0.001
Trial number −0.06640 0.01351 −4.914 <0.001
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work using a similar paradigm (where subjects were
asked to try to ‘hit’ a moving target) that also found par-
allel stripes were more easily captured than perpendicu-
lar stripes [5]. Interestingly, this study also found that
parallel striped targets were perceived to be moving
more quickly in comparison to a baseline target. As the
current results show that in general participants tended to
hit behind the target centre on all trials, it could be the
case that having an incorrect perception of object speed
actually paradoxically improved subjects’ performance on
Fig. 4 Time taken to catch all targets for each target type in Experiment 2. Each box contains six trials per participant. Trial types from left to
right are average background luminance matching grey, lighter grey, white, parallel stripe, perpendicular stripe and oblique stripe. Whiskers
encompass 1.5 x the interquartile range, and points beyond this are plotted as outliers (black circles). Means are represented by white diamonds
Table 4 Full statistical results for the total time to capture measure in Experiment 2. These results were obtained using a linear
mixed model after model simplification to produce a best fit model. The first five rows detail the planned comparisons of the target
type, while the remaining rows show the effects of the other factors included in the model
Factor Estimate Std. error t value p value
Luminance match grey vs. lighter grey 0.003213 0.01878 0.171 0.864
Luminance match grey vs. white −0.1854 0.01878 −9.870 <0.001
Luminance match grey vs. parallel stripe −0.1785 0.01879 −9.504 <0.001
Luminance match grey vs. perpendicular stripe −0.1139 0.01878 −6.065 <0.001
Luminance match grey vs. oblique −0.1409 0.01879 −7.500 <0.001
Trial number −0.06862 0.01625 −4.223 0.001
Stimulus number −0.04995 0.01175 −4.252 0.013
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these trials, as they perceived the parallel target to be
moving faster than it really was, decreasing the ‘lag’ seen
in the responses to other targets. The finding that there
are differences in the perception and response to parallel
compared to perpendicular targets could also suggest that
different mechanisms are implicated in the perception of
these targets, with motion streak processes perhaps play-
ing a role for parallel targets and low level motion energy
analysis for perpendicular targets [27, 28].
However, it is not clear that this result holds for all
cases, as Experiment 2 found no differences between the
striped target types; in fact all striped targets were easier
to capture than the grey targets. This is in contradiction
to the results seen in Experiment 1, where the perpen-
dicular target was not significantly different in terms of
capture success. Interestingly, Von Helversen and col-
leagues also failed to replicate their effects of orientation
in a second study, finding instead that the parallel and
perpendicular targets were both easier to catch than
their baseline target [5], and other research into this area
has also been highly contradictory [1, 4, 18–21]. It seems
that methodological differences can have a marked effect
on the results seen, and this could explain why different
results have arisen in the two experiments.
The results of Experiment 2 are particularly surpris-
ing as it has been suggested that motion dazzle may be
particularly effective in herds [6], and thus we pre-
dicted that capture of striped targets would be more
rather than less difficult. However, our results sug-
gested that while participants were slower at making
capture attempts when there were more targets on
screen, this effect was not modulated by target pattern-
ing, with all target types showing a similar effect. Un-
fortunately, we did not collect data that would allow us
to test how capture success was affected by target pat-
terning throughout a trial, but it is possible that there
was an effect that changed as the number of targets de-
creased, in a manner that meant no overall effect of
pattern type was seen. However, there was no overall
differential effect of learning on capture success for
different targets throughout the experiment, suggest-
ing that it is unlikely that there are differential learning
effects for different target types within trials. We also
conducted analysis using a dependent variable of the
distance of the successful capture attempts from the
target centre (distance of unsuccessful attempts could
not be used, as it was not always clear which target
participants were aiming for). This analysis found no
differential effect of target type, either on its own or in
interaction with stimulus number, again suggesting
that responses to different target types did not differ
markedly as a trial progressed.
One aspect that could explain the results in Experi-
ment 2 is conspicuity, as it is likely that the striped tar-
gets are more detectable than the grey targets, perhaps
leading to the observed differences in capture rate.
However, we argue that it is unlikely that conspicuity
underlies the different effects seen in the two experi-
ments presented here. Although this was not explicitly
tested in this study, previous work has shown that par-
ticipants are faster to find striped targets compared to
background matching targets when stationary [2].
However, the same study has shown that conspicuity is
not necessarily dominant, as striped targets were less
accurately targeted when moving [2]. In addition, Ex-
periment 1 of this study shows that there can be differ-
ences in capture rate between striped targets that
should be equally conspicuous.
It is possible that the results in Experiment 2 could be
explained by the fact that this was an extremely crude
model of group behaviour, as the targets were not mov-
ing together in a group but were instead each following
their own random trajectory (although there are cer-
tainly cases where animals would flee in a variety of di-
rections when attacked). It could be the case that using
more accurate models of joint motion would produce
different results to those seen in this experiment. One
interesting recent result showed that capture success in
a multiple object tracking paradigm using human partic-
ipants was determined by the interaction between the
density of targets and the unpredictability of target mo-
tion, with increased density and unpredictability making
the target more difficult to catch [32]. This experiment
used only one type of (background matched) target and
Fig. 5 Average time between capture of successive targets in
Experiment 2. Results are plotted as a function of target type. Error
bars are the standard error of the mean
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future work could consider whether other patterning
types are able to modify this effect.
The result that different orientations of stripes may be
captured at different rates, at least under some circum-
stances, suggests that these pattern types may have evolved
for different purposes. Recent phylogenetic analyses in
snakes [12] and butterflyfish [34], with both groups con-
taining species with parallel and perpendicular striping pat-
terns, support this conclusion. Allen and colleagues found
that parallel striped patterns were associated with rapid es-
cape behaviour, while perpendicular stripes were associated
with erratic movements [12]. These findings are particularly
interesting given that our results suggest that parallel tar-
gets are easier to capture when moving compared to per-
pendicular stripes. It could be the case that the rapid
escape response is an adaptation to try to minimise the ef-
fects of parallel striped patterning being easier to capture
(as all things being equal, it might be expected that faster
animals are harder to catch). This could therefore suggest
that parallel stripes have evolved for a purpose unrelated to
motion dazzle. However, our results suggest that perpen-
dicular stripes do play a role in making it difficult to accur-
ately track and capture a target. We did not test erratic
movement patterns in this experiment, but it would be in-
teresting for future work to consider this, as it might be
predicted that the perpendicular striped targets should be
even harder to capture relative to the parallel striped targets
based on the recent phylogenetic study results [12].
Of course, our experiment is clearly a simplification
of the natural situation, and it may be the case that
other parameters, such as colour, stripe spatial fre-
quency or the predator’s visual system are critical in
determining the efficacy of different pattern types in
preventing capture. For example, in butterflyfish and
cichlid fish, vertical stripes are associated with particu-
lar types of habitat, whereas horizontal stripes are as-
sociated with shoaling behaviour [34, 35]. These
results suggest that the evolution of these pattern types
is complex and associated with many factors, and the
interaction with movement may be just one aspect in a
larger picture. To fully understand how orientation af-
fects our motion tracking ability, research either needs
to focus on exploring a full parameter space of differ-
ent methodological techniques or needs to consider a
specific case based on a real life scenario (for example,
designing an experiment where targets and target mo-
tion are based on real data for a specific animal, and
the subject has the viewpoint of a typical predator). In
addition, future work will be required to test potential
mechanisms of motion dazzle; the capture measure
used in the current study makes it comparable to pre-
vious work in this field [1, 2, 5] and provides a measure
of the outcome of any dazzle effects, but cannot expli-
citly test why they occur.
Conclusions
Our results show that when subjects are attempting to
capture individual targets, there may be differences in
capture success based on the orientation of stripes on
the target, with parallel striped targets being easier to
capture than perpendicular or oblique striped targets.
However, these differences were not found in a second
experiment where multiple targets were present on each
trial, perhaps suggesting that the effect of striped pat-
terns is variable depending upon context and that ‘mo-
tion dazzle’ may not be strongest in group situations,
despite previous predictions. Overall, while motion daz-
zle remains a plausible explanation for the striped pat-
terns found in a wide range of animal groups, more
work is needed to establish its potential value, the fac-
tors that make it work, and its ecological relevance.
Materials and methods
Experiment 1
The experiment was a computer ‘game’ created in Multi-
media Fusion 2 (Clickteam 1996–2011) and played on a
touch screen monitor (Elo 1515 L; Tyco Electronics,
Shanghai, China, 1280 × 1024 pixels, or 42.85 × 34.28 de-
grees subtended on the viewer’s eye) by human subjects.
The achromatic target (90 × 45 pixels, or 3 × 1.5 deg/24 ×
12 mm) started behind an occluding circle (diameter
179 pixels, 5.99 degrees) in the centre of the screen. The
target then moved out in a random direction at a speed of
20.8 cm/s (approximately 26.7 degrees of visual angle per
second) through a circular arena (diameter 1024 pixels,
34.28 degrees) before disappearing. The subjects’ task was
to make a capture attempt before the target left the circu-
lar arena. The target did not change trajectory once it had
started moving. After the subject touched the screen, a
cross appeared on the screen with its centre in the pos-
ition they had clicked. The colour of this cross provided
feedback to the participant indicating whether they had
hit or missed the target (green and red crosses respect-
ively). The computer program recorded the coordinates of
the capture attempt, the coordinates of the target at the
time of the capture attempt, the time of the capture at-
tempt and whether the subject had hit or missed the tar-
get. After a capture attempt (or after the target had left
the screen) there was a short pause before the next target
presentation began. The experiment used a block design:
each of the six different target types was presented in a
random order in one block, and the full experiment
contained 20 blocks, meaning that each target type was
presented 20 times throughout the experiment at approxi-
mately even intervals. Figure 6 shows an example screen
shot from this experiment.
Targets were PNG images, created in Image J. Six dif-
ferent target types were used in this experiment (see
Fig. 7). Three targets were created that had different
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orientations of stripes; either perpendicular to the direc-
tion of travel, parallel to the direction of travel or at 45
degrees oblique to the direction of travel. The width of
the stripes was matched across targets, with stripes be-
ing 10 pixels (0.33 deg) across (and thus the spatial fre-
quency was matched in terms of cycles/degree not
cycles/object i.e. the perpendicular target had more cy-
cles of stripes than the parallel target). This was done as
it is known that spatial frequency in terms of cycles/de-
gree can affect perceived speed of objects [36, 37], and
the design of our stimuli was such that we could not
keep both types of spatial frequency constant. Two con-
trol grey targets were also created; one with a luminance
(perceived brightness) matched to the perceptual mid-
point between the white and black stripes (RGB value =
95; see below for details of calibration and how the per-
ceptual midpoint was determined) and one with a lumi-
nance matched to the average luminance of the striped
targets (RGB value = 113). A white target was also used.
The background exemplars used in this experiment
were generated by taking ten photographs of various ar-
rangements of artificial leaves from a fixed height. These
images were converted to greyscale and luminance
matched to the perceived midpoint between the white and
black stripes of the striped targets (RGB value = 95) in
MATLAB. This method was used to ensure that lighting
conditions and scale were as similar as possible between
images. The exact background exemplar presented on
each trial was randomised.
Experiment 2
The target types and background types in Experiment 2
were the same as used in Experiment 1. However, the
design of the trial was changed to address the question
of whether increasing the number of targets on the
screen during each trial would affect capture success dif-
ferentially for different target types.
As in Experiment 1, the ‘game’ was created in Multi-
media Fusion 2 (Clickteam 1996–2011). On each trial, a
square arena with dimensions 1024 × 1024 pixels (or
34.28 × 34.28 degrees subtended on the viewer’s eye)
was presented (see Fig. 2). Six targets of the same type
were placed at separate random locations at the begin-
ning of the trial (always at least 100 pixels away from
the edge of the arena) and began moving in a randomly
selected direction in a straight path (target speeds were
equal and identical to those used in Experiment 1).
When the target reached the edge of the arena, it would ro-
tate, change direction and continue moving, to ensure that
it remained inside the arena and the stripes remained at the
same orientation relative to the direction of travel. Targets
did not interact with each other (e.g. they slid over rather
than ‘bouncing’ off each other). The subject’s task was to at-
tempt to ‘catch’ all six targets as quickly as possible by
touching them with their finger. If a target was successfully
caught, it disappeared from the screen, and the target and
capture positions and time of capture were recorded. The
trial continued until all six targets had been caught. The
total time taken for the whole trial and the total number of
capture attempts (both hits and misses) were then recorded
before continuing to the next trial. As in the previous ex-
periments, the trials were presented in blocks, so that in
each six trials, all target types were presented. Each partici-
pant completed six blocks. Fewer blocks were used in this
experiment as each individual trial took longer to complete.
60 subjects took part in this experiment, and none of these
had taken part in Experiment 1. An example screen shot of
the experimental set up is shown in Fig. 8.
Monitor calibration
The display was calibrated for human luminance (per-
ceived brightness) perception using a Minolta LS-110
Fig. 6 An example screenshot of the general experimental set up of
Experiment 1
Fig. 7 Target types used in both experiments. Trial types from left to right are average background luminance matching grey, lighter grey, white,
parallel stripe, perpendicular stripe and oblique stripe
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luminance meter (Osaka, Japan) following previous work
[1–3]. Images with grey values ranging from 0–255 on
an 8 bit scale were displayed on the screen, and the lu-
minance was measured in cd/m2 for each image at four
different points on the screen and averaged. The grey
value was then plotted against the average luminance to
determine the value that would represent an intermedi-
ate grey between the black and white markings on a ra-
tio scale, and this value was used in target and
background creation. The display refreshed at 70Hz,
which would equate to a frame by frame displacement of
0.57 degrees. The flicker of the striped targets was
41.6Hz (based on calculating the time taken for one
complete cycle of white and black stripes), which was
lower than the refresh rate of the display.
Subjects
60 participants were recruited to carry out each experi-
ment, and each participant only took part in one of the ex-
periments. Subjects were drawn from the undergraduate
and graduate populations at the University of Cambridge,
were naïve to the experimental aims and were only given
enough information to be able to play the game. We did
not collect individual age and gender data as they have
not been shown to affect results in this type of experimen-
tal task, but subjects were predominantly aged between 18
and 25 and both datasets had an approximately even gen-
der split. They gave written consent and the experimental
methods were approved by the University of Cambridge
Psychology Research Ethics Committee.Viewing distance
was approximately constant at 45 cm, and the experiment
was conducted in standard laboratory light conditions
throughout the working day (lighting levels did not
change with time of day as all windows were covered for
the duration of the experiment). All subjects received 10
training target presentations first, where a black target was
captured on a white background.
Statistical analysis
Due to the repeated measures design of the experi-
ment, results were analysed using linear mixed models
(LMMs) or generalised linear mixed models (GLMMs)
[38, 39] using the lme4 package (version 1.1-7) [40]
and the lmerTest package (version 2.0-6) [41] in R
(version 3.1-0) [42].
For Experiment 1, a model was fitted using target type,
trial number and position group (whether the capture
attempt was ahead of or behind the midline of the tar-
get, as defined by its direction of travel; this factor was
included as it greatly improved the model fit, as many
more capture attempts were made behind the centre of
the target, creating a bimodal distribution) as fixed fac-
tors. The initial model also contained all possible first
order interactions with target type. The model was sim-
plified based on their AIC weights and log likelihood to
produce a best fit model [38, 39]. Analysis was run for
Experiment 1 using a hit/miss dependent variable (bino-
mial error structure) and using a time taken to capture
measure (log normal error structure). Subject, trial dir-
ection, and trial number were included in the hit/miss
model as random intercepts; a similar structure was also
used for the time measure, but a random intercept of
background exemplar was also included (although its
variance and standard deviation in the final model was
small, and thus we feel that treatment of the background
as a random and not a fixed factor is appropriate). Col-
linearity of response variables was checked using the
correlation of fixed effects. We calculated the overall
main effects of the models using the Anova function
from the car package (version 2.0-20) [43] and then ana-
lysed the effects of individual pattern types using
planned contrast comparisons [44]. The luminance
matched grey target was taken as the reference against
which all other targets were compared.
As the design of Experiment 2 differed from that of Ex-
periment 1 (multiple targets were present on the screen at
once, instead of a single target on each trial), different
measures of capture success were used; analysis focused
on the number of attempts taken (log normal error struc-
ture) and the length of time taken to capture the targets,
as calculated by taking the time since the previous target
capture (log normal error structure). Initial models for the
total number of hits measure were constructed using the
fixed factors of target type and trial number and their
interaction, and subject was included as a random inter-
cept and trial number as a random slope. Initial models
Fig. 8 An example screenshot of the general experimental set up
for Experiment 2
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for the time taken to capture measure included the same
fixed factors as the total number of hits model and also a
factor indicating which target number (out of the total
number of targets on a trial) was being captured and the
interaction with target type, to consider whether it was
easier to capture the targets when there were fewer of
them on the screen, and whether this difficulty was modu-
lated by target patterning. In addition to the random effect
structure used for the total number of hits measure, target
number was also included as a random factor with trial
number as a random slope. Model simplification and in-
ference for both measures was as in Experiment 1.
Competing interests
The authors declare that no competing interests exist. The funders of this
research had no role in study design, data collection and analysis, decision
to publish, or preparation of the manuscript.
Authors’ contributions
Conceived and designed experiments: AH, RM and MS. Performed the
experiments: RM. Analysed the data: AH. Wrote the first draft: AH. Provided
edits and approved the final manuscript for publication: AH, RM, MS.
Acknowledgements
We thank the subjects who volunteered to take part in these experiments.
AEH was supported by a BBSRC CASE studentship and MS was supported by
a Biotechnology and Biological Sciences Research Council (BBSRC) David
Phillips Research Fellowship (BB/G022887/1).
Author details
1Department of Physiology, Development and Neuroscience, University of
Cambridge, Cambridge, UK. 2Centre for Ecology and Conservation, University
of Exeter, Penryn Campus, Cornwall, UK.
Received: 30 April 2015 Accepted: 8 July 2015
References
1. Stevens M, Yule DH, Ruxton GD. Dazzle coloration and prey movement.
Proc R Soc B Biol Sci. 2008;275:2639–43.
2. Stevens M, Searle WT, Seymour JE, Marshall KL, Ruxton GD. Motion dazzle
and camouflage as distinct anti-predator defenses. BMC Biol. 2011;9:81.
3. Hughes AE, Troscianko J, Stevens M. Motion dazzle and the effects of target
patterning on capture success. BMC Evol Biol. 2014;14:201.
4. Scott-Samuel NE, Baddeley R, Palmer CE, Cuthill IC. Dazzle camouflage
affects speed perception. PloS One. 2011;6, e20233.
5. Von Helversen B, Schooler LJ, Czienskowski U. Are stripes beneficial? Dazzle
camouflage influences perceived speed and hit rates. PloS One.
2013;8, e61173.
6. How MJ, Zanker JM. Motion camouflage induced by zebra stripes. Zool Jena
Ger. 2014;117:163–70.
7. Forbes P: Dazzled and Deceived: Mimicry and Camouflage. Yale University
Press; 2011.
8. Behrens RR. The role of artists in ship camouflage during World War I.
Leonardo. 1999;32:53–9.
9. Shine R, Madsen T. Sexual Dischromatism in Snakes of the Genus Vipera:
A Review and a New Evolutionary Hypothesis. J Herpetol. 1994;28:112–4.
10. Brodie III ED. Differential Avoidance of Coral Snake Banded Patterns by
Free-Ranging Avian Predators in Costa Rica. Evolution. 1993;47:227–35.
11. Jackson JF, Ingram III W, Campbell HW. The dorsal pigmentation pattern of
snakes as an antipredator strategy: a multivariate approach. Am Nat.
1976;1029–1053.
12. Allen WL, Baddeley R, Scott-Samuel NE, Cuthill IC: The evolution and
function of pattern diversity in snakes. Behav Ecol 2013:art058.
13. Caro T, Izzo A, Reiner Jr RC, Walker H, Stankowich T. The function of zebra
stripes. Nat Commun. 2014;5.
14. Larison B, Harrigan RJ, Thomassen HA, Rubenstein DI, Chan-Golston AM,
Li E, et al. How the zebra got its stripes: a problem with too many solutions.
R Soc Open Sci. 2015;2:140452.
15. Henry GH, Bishop PO, Dreher B. Orientation, axis and direction as stimulus
parameters for striate cells. Vision Res. 1974;14:767–77.
16. Hubel DH, Wiesel TN. Receptive fields and functional architecture of
monkey striate cortex. J Physiol. 1968;195:215–43.
17. De Valois RL, William Yund E, Hepler N. The orientation and direction
selectivity of cells in macaque visual cortex. Vision Res. 1982;22:531–44.
18. Scott-Brown KC, Heeley DW. The effect of the spatial arrangement of target
lines on perceived speed. Vision Res. 2001;41:1669–82.
19. Castet E, Lorenceau J, Shiffrar M, Bonnet C. Perceived speed of moving lines
depends on orientation, length, speed and luminance. Vision Res.
1993;33:1921–36.
20. Georges S, Seriès P, Frégnac Y, Lorenceau J. Orientation dependent
modulation of apparent speed: psychophysical evidence. Vision Res.
2002;42:2757–72.
21. Brown JF. The visual perception of velocity. Psychol Res. 1931;14:199–232.
22. Casco C, Caputo G, Grieco A. Discrimination of an orientation difference in
dynamic textures. Vision Res. 2001;41:275–84.
23. Casco C, Grieco A, Giora E, Martinelli M. Saliency from orthogonal velocity
component in texture segregation. Vision Res. 2006;46:1091–8.
24. Verghese P, McKee SP, Grzywacz NM. Stimulus configuration determines the
detectability of motion signals in noise. J Opt Soc Am A Opt Image Sci Vis.
2000;17:1525–34.
25. Van Doorn AJ, Koenderink JJ. Spatiotemporal integration in the detection of
coherent motion. Vision Res. 1984;24:47–53.
26. Appelle S. Perception and discrimination as a function of stimulus
orientation: the “oblique effect” in man and animals. Psychol Bull.
1972;78:266–78.
27. Pavan A, Casco C, Mather G, Bellacosa RM, Cuturi LF, Campana G. The effect
of spatial orientation on detecting motion trajectories in noise. Vision Res.
2011;51:2077–84.
28. Geisler WS. Motion streaks provide a spatial code for motion direction.
Nature. 1999;400:65–9.
29. Krause J, Ruxton GD: Living in Groups. Oxford Series in Ecology and
Evolution; 2002.
30. Jeschke JM, Tollrian R. Prey swarming: which predators become confused
and why? Anim Behav. 2007;74:387–93.
31. Treherne JE, Foster WA. Group size and anti-predator strategies in a marine
insect. Anim Behav. 1982;30:536–42.
32. Scott-Samuel NE, Holmes G, Baddeley R, Cuthill IC. Moving in groups: how
density and unpredictable motion affect predation risk. Behav Ecol
Sociobiol. 2015;1–6.
33. Landeau L, Terborgh J. Oddity and the “confusion effect” in predation.
Anim Behav. 1986;34:1372–80.
34. Kelley JL, Fitzpatrick JL, Merilaita S. Spots and stripes: ecology and colour
pattern evolution in butterflyfishes. Proc R Soc B Biol Sci. 2013;280.
35. Seehausen M, Alphen JJMV. Evolution of colour patterns in East African
cichlid fish. J Evol Biol. 1999;12:514–34.
36. Diener H, Wist E, Dichgans J, Brandt T. The spatial frequency effect on
perceived velocity. Vision Res. 1976;16:169–76.
37. Smith AT, Edgar GK. The influence of spatial frequency on perceived
temporal frequency and perceived speed. Vision Res. 1990;30:1467–74.
38. Crawley MJ. Statistics: An Introduction Using R. Chichester: John Wiley &
Sons, Ltd.; 2005.
39. Zuur AF, Ieno EN, Walker NJ, Saveliev AA, Smith GM: Mixed Effects Models
and Extensions in Ecology with R. Springer; 2009.
40. Bates D, Mächler M, Bolker B, Walker S: Fitting Linear Mixed-Effects Models
using lme4. ArXiv14065823 Stat 2014.
41. Kuznetsova A, Brockhoff PB, Christensen RHB: lmerTest: Tests for Random and
Fixed Effects for Linear Mixed Effect Models (lmer Objects oflme4 Package). R;
2014.
42. Ihaka R, Gentleman R. R: A Language for Data Analysis and Graphics.
J Comput Graph Stat. 1996;5:299.
43. Fox W. An R Companion to Applied Regression. 2nd ed. Thousand Oaks,
CA: Sage Publications; 2011.
44. Ruxton GD, Beauchamp G. Time for Some a Priori Thinking About Post Hoc
Testing. Behav Ecol. 2008;19:690–3.
Hughes et al. Frontiers in Zoology  (2015) 12:17 Page 12 of 12
